In this paper, we present the design, fabrication and testing of two-port ring microelectromechanical (MEMS) resonant devices with electrothermal actuation and piezoelectric sensing for wide tunable filter applications. The ring resonators have been fabricated in silicon carbide with top platinum electrothermal actuator and lead zirconium titanate piezoelectric sensor. The two-port transmission frequency response measurements have shown that the devices with a ring radius between 125 µm and 200 µm resonate in the frequency range 0.4 MHz -1.3 MHz, in the presence of tuning. By applying DC bias voltage in the range 4 V -10 V, a frequency tuning range of 330,000 ppm has been achieved. Devices of similar design but with longer ring radius, actuated under the same operating conditions, have shown a wider frequency tuning range.
INTRODUCTION
Electrically tunable filters with a wide tunable range are key components in both multiband communication systems and wideband tracking receivers, as they possess the ability to replace filter banks [1] [2] [3] . Micro-electro-mechanical system (MEMS) resonators, for the past decade and so, have been extensively studied as a potential candidate technology for realization of a variety of devices including filters and frequency references [4, 5] . Tunable filters based on MEMS resonator technology provide the ability to create low power frequency tuning with high Q factor while simultaneously reducing parts count, size, weight and price [6] [7] [8] [9] .
The leading techniques for electrical actuation and sensing of mechanical vibrations in MEMS resonators are electrostatic and piezoelectric transductions. Both techniques can be used for actuation and at the same time for tuning the resonant frequency by application of a DC bias voltage. Wide range resonant frequency tuning offered by electrostatic actuation technique is challenged by the trade-off between high DC bias voltages and complex fabrication process related to the small electrode-toresonator gap spacing, while piezoelectric actuation technique provides fine resonant frequency tuning [10, 11] and can be used to overcome fabrication tolerances and reliability issues. Electrothermal actuation, on the other hand, is an emerging technique that brings advantages such as simple fabrication process, low actuation voltages, impedance matching and wide frequency tuning range that can be obtained by applying low DC bias voltages [12] [13] [14] [15] [16] .
Selection of the overall structural design of a resonator plays a very important role in achieving optimal performance of flexural-mode resonators. A ring structure can 3 Sensors and Actuators A: Physical, Volume 226, 2014, Pages 149-153, doi:10.1016/j.sna.2015.02.023 achieve higher resonant frequency and larger quality factors compared to a beam structure thus motivating its usage for the MEMS resonators presented in this paper.
Recently, we have demonstrated the fabrication of bimaterial (platinum and silicon carbide) ring structure and its operation as electrothermally actuated MEMS resonator has been detected optically [17] . Moreover, we have demonstrated the piezoelectric sensing of electrothermally actuated double-clamped beam MEMS resonators [18, 19] .
The use of piezoelectric transduction for electrical sensing allows active generation of electrical potential in response to an applied mechanical stress, and thus obviating the need of external bias voltage source, which is instead necessary for piezoresistive and capacitive transductions. In addition, piezoelectric transduction offers stronger electromechanical coupling, better impedance matching and relatively simpler fabrication compared to electrostatic transduction [20] .
In this paper, we report on the design, fabrication and testing of electrothermally actuated flexural-mode ring resonators with piezoelectric read-out ( Figure 1 ). In addition to the actuation function, electrothermal transduction has been used to tune the devices' resonant frequency in order to provide the wide tuning requirements and to compensate for frequency shifts due to changes in the operating conditions or by fabrication process imperfections. The design and position of the actuator (input port) and sensor (output port) have been optimized to achieve effective electrothermal actuation and high piezoelectric sensing respectively. Resonant behavior has been studied by performing two-port measurements of devices' transmission frequency response. The influence of the tuning DC bias voltage on the resonant frequency, Q factor and motional resistance, including the impact of ring dimensions on the resonant frequency tuning range, has been investigated.
PRINCIPLES OF OPERATION
Electrothermal actuation technique exploits the thermal expansion of a material as a driving force. In general, electrothermal resonant structures are composed of two layers of materials with different thermal expansion coefficients, so that one layer is used as actuation electrode and the other as one is used as resonant layer to be actuated. By applying a voltage across the electrothermal actuation electrode, Joule heating is generated and thereby a temperature gradient within the structure, leading to the thermal expansion of the entire structure and therefore to a mechanical strain. Electrothermal actuation can be obtained if the electrical power dissipated contains a frequency component equal to a structure's natural frequency f 0 . Owing to the quadratic proportionality of the power on the driving voltage, the application of an actuation voltage with only AC component and the frequency f AC can drive a device into resonance if the value of f AC is equal to the half of the structure's natural frequency f 0 (f AC =f 0 /2) [17] .
In order to drive a device into resonance using the actuation frequency equal to the structure's natural frequency (f AC =f 0 ), the actuation signal should contain both AC and DC components. The generated thermal power is given by: where R is the actuator resistance and ω is the angular frequency of the applied V AC . The thermal power consists of the static component P stat and two dynamic components P dyn1
and P dyn2 . The static component P stat will result in a static temperature distribution through the structure, while the resonance will be achieved via the dynamic component
Piezoelectric transduction has been used for electrical sensing of the structure's operation. Piezoelectricity refers to the ability of a material to generate an electrical potential actively when subjected to mechanical strain. In our devices, the piezoelectric layer is placed on the top of the main structure which, vibrates in vertical direction. As a consequence of the induced mechanical strain caused by the vibration, an alternating voltage with a frequency equal to the frequency of the mechanical vibrations can be detected.
EXPERIMENTAL DETAILS

Device design
The device has been designed as a two-port vertical-mode ring resonator ( Figure   1 ). Cubic silicon carbide (3C-SiC) has been chosen as structural material due to its excellent mechanical properties that allow 3C-SiC resonators to achieve higher resonant frequencies compared to equivalent silicon (Si) resonators [21] . In addition, high thermal two Pt arms (the arms' width is 10 µm) connected by a perpendicular arm (u-shaped layout). The actuator is placed close to the hole in order to maximize vibration amplitude induced by heating and enhanced by the difference of the two materials' (Pt and 3C-SiC) thermal expansion coefficient [22, 23] . The piezoelectric sensor is formed of a lead zirconium titanate (PZT) layer sandwiched between two Pt layers. The piezoelectric sensor has been designed to surround the hole and the actuator, as the induced vibration amplitude is the highest close to the center of the ring. PZT has been used due to its high piezoelectric coefficient, so that the electromechanical coupling is enhanced [20] . Figure   2 shows the top view schematics of the designed devices.
Fabrication
The devices have been fabricated with a ring radius of 125 µm, 170 µm and 200 µm and hole radius of 10 µm. The fabrication process consists of three main steps: all layers deposition, ports forming and the ring forming ( Figure 3 ). A 2 µm thick 3C-SiC epilayer has been grown on 4-inch Si wafer, followed by the deposition of 100-nm-thick silicon dioxide (SiO 2 ) passivation layer and 10-nm-thick titanium (Ti) adhesion layer.
The Pt/PZT/Pt stack has been deposited with thicknesses of 100/500/100 nm respectively. 
Electrical characterization setup
Electrical characterization of the devices has been performed using an HP 8753C vector network analyzer. The devices under test have been directly connected to the network analyzer without the need for any external interface electronics. Signal-ground radio-frequency probes have been used and two-port short-open-load-through calibration has been performed before starting the measurements. In order to perform electrothermal actuation and resonant frequency tuning, the input AC signal provided with the network analyzer has been superimposed to a DC voltage provided by an additional stabilized DC source. The output signal has been taken from the top metal contact of the piezoelectric sensor, while the bottom metal contact has been grounded. The devices were exanimated in air, at room temperature and atmospheric pressure. MHz) thus indicating a relatively wide tuning capability. The decrease in resonant frequency detected as the DC tuning voltage increases can be explained by an increase of compressive stress in the ring, which is caused by the increase in thermal expansion of the structure as the temperature increases [16] [17] [18] . The inset of the Figure 5 shows the magnitude of transmission frequency response of the device actuated with the input signal power of 10 dBm and the maximal DC voltage of 10 V. It can be noted from the inset that the transmission magnitude curve is not distorted, indicating good linearity and power handling capacity of the device even at the highest tuning DC voltage of 10 V.
MEASUREMENT RESULTS AND DISCUSSION
However, by applying the AC input power higher than 10 dBm, the power handling capability of the device can be exceeded, which can be seen in the transmission magnitude curve distortion in Figure 6 . The observed good linear behavior corresponds to our previous findings with the electrothermally actuated [18] and piezoelectrically transduced 3C-SiC resonators [11, 23] . The most important aspect of the obtained results is that by using electrothermal tuning the operating frequency can be adjusted up to 33% of the un-tuned resonant frequency.
The presence of the DC tuning voltage in addition to the actuation AC signal has been found to affect the Q factor. Figure 7 shows the Q factor in air as a function of applied DC tuning voltage. The Q factor has been extracted from the transmission increased from 4 V to 6 V, the Q factor increases from ~85 to ~145. However, for the DC tuning voltages higher than 6 V, the Q factor value increase saturates, indicating constant bandwidth. It is worth pointing out that as the DC tuning voltage increases the Q factor has been observed to increase despite the decrease of resonant frequency. As the Q factor is defined by the ratio between the stored energy and the dissipated energy of a device per cycle of vibration, the heat generated as DC tuning voltage increases could cause an imbalance of the ratio thus leading to the observed Q factor increase. The Q factor could also be increased by reducing the piezoelectric sensor area covering the ring because the reduction of effective mass loading held by the ring should lead to lower dissipated energy [19] . It should be mentioned that measurements performed in vacuum conditions should give significantly higher values for the Q factor as the energy loss effect of air damping on the operation of our vertical-mode resonators would be reduced substantially [24] . In addition, operation in the vacuum condition, under the same actuation conditions, most probably would result in reduction of the resonant frequency and widening of the frequency tuning range [25, 26] .
The motional resistance dependence on the DC tuning voltage is shown in Figure   7 , indicating a decrease of the motional resistance as the DC tuning voltage increases.
The value of the equivalent motional resistance of the device, which has been directly connected to 50 Ω input and output impedance of the network analyzer, has been extracted from the transmission frequency response plots using the expression:
where R M is the equivalent motional resistance, R L is the source and load resistance of the network analyzer (both 50 Ω), and IL is the measured insertion loss of the device at its resonant frequency. With the DC tuning voltage increase from 4 V to 10 V, the motional resistance decreases from ~550 kΩ to ~180 kΩ. In addition, from Figure 7 it can be observed that the motional resistance decreases with a corresponding increase in Q factor.
The motional resistance decrease with the increase of the DC tuning voltage can be attributed to stronger electromechanical coupling. With the increase of the DC tuning voltage, the thermally generated mechanical force increases and consequently the resonator vibration amplitude increases resulting in larger output signal [12] .
The frequency tuning range has been found to be affected by the change of the ring radius. Figure 8 shows the frequency tuning characteristics of devices with ring radius of 125 µm and 170 µm together with the frequency tuning characteristics of the 200 µm device previously given in Figure 5 . The tested devices differ only in the ring radius length, while other dimensions and technological parameters are the same. In order to perform a comparative study, the devices have been taken from the same wafer the DC bias voltage increase. In particular, as the ring radius length increases from 125 µm to 200 µm, the frequency shift has been observed to increase from ~-55,000 ppm to ~-105,000 (frequency shift decrease of ~50,000 ppm) at DC bias voltage of 7 V and from ~-230,000 ppm to ~-330,000 (frequency shift increase of ~100,000 ppm) at DC bias voltage of 10 V. The wider resonant frequency tuning range obtained with the devices with longer ring radius can be explained by the larger influence of compressive stress.
With the increase of the ring radius, the effective area of the ring increases, thus resulting in stronger influence of compressive stress in the ring compared to the devices with shorter ring radius. Moreover, as the DC tuning voltage increases, the induced temperature and the thermal expansion effect increase resulting in an additional increase of compressive stress and consequently in a larger decrease in resonant frequency of the devices with longer ring radius.
CONCLUSIONS
The 
